Single pixel feeds on large aperture radio telescopes have the ability to detect weak (∼10 mJy) impulsive bursts of radio emission and sub-mJy radio pulsars. Unfortunately, in large-scale blind surveys, radio frequency interference (RFI) mimics both radio bursts and radio pulsars, greatly reducing the sensitivity to new discoveries as real signals of astronomical origin get lost among the millions of false candidates. In this paper a technique that takes advantage of multipixel feeds to use eigenvector decomposition of common signals is used to greatly facilitate radio burst and pulsar discovery. Since the majority of RFI occurs with zero dispersion, the method was tested on the total power present in the 13 beams of the Parkes multibeam receiver using data from archival intermediate-latitude surveys. The implementation of this method greatly reduced the number of false candidates and led to the discovery of one new rotating radio transient or RRAT, six new pulsars and five new pulses that shared the swept-frequency characteristics similar in nature to the 'Lorimer burst'. These five new signals occurred within minutes of 11 previous detections of a similar type. When viewed together, they display temporal characteristics related to integer seconds, with non-random distributions and characteristic 'gaps' between them, suggesting they are not from a naturally occurring source. Despite the success in removing RFI, false candidates present in the data that are only visible after integrating in time or at non-zero dispersion remained. It is demonstrated that with some computational penalty, the method can be applied iteratively at all trial dispersions and time resolutions to remove the vast majority of spurious candidates.
I N T RO D U C T I O N
The presence of radio frequency interference (RFI) in an observation causes problems ranging from a reduction in the signal-to-noise ratio (S/N) of the target, to creating false sources, to corrupting the visibilities of an array to the extent an image cannot be created without debilitating artefacts. Various methods exist for mitigating the effects of RFI, either by excising corrupted samples from the data, or compensating for the RFI, and attempting to correct for its effect. Some of the more common methods include temporal and frequency blanking of contaminated channels, via thresholding or statistical detection (Fridman 2001 (Fridman , 2008 Offinga et al. 2010) , the use of reference antenna (Barnbaum & Bradley 1998; Briggs, Bell & Kesteven 2000) and spatial filtering (nulling energy from a particular spatial signature) techniques (Leshem, van Kocz, Briggs & Reynolds 2010) . When searching for short-duration transients, the loss of a small percentage of observing time or frequency band has a negligible effect on the total number of sources detected.
The dispersion of radio waves due to the interstellar medium provides pulsars and rotating radio transients (RRATs; McLaughlin et al. 2006 ) with a natural defence against RFI. RRATs are generally defined as pulsars discovered through a search for single pulses, which leads the term RRAT to encompass a mix of both highly modulated pulsars and pulsars with only brief non-null states. The discovery of RRATs led to a flurry of activity. Many archival surveys were searched for single dispersed pulses. The most dramatic discovery was that of the 'Lorimer Burst' (LB; Lorimer et al. 2007 ), a single bright pulse of such high dispersion that it appeared to be extragalactic. Further analysis of other surveys (e.g. Burke-Spolaor & Bailes 2010; Keane et al. 2011) found many other RRAT-type pulsars, and Burke-Spolaor et al. (2011a) described a new class of burst dubbed 'perytons' that were detected in far sidelobes of the multibeam receiver beams, shared some characteristics of the LB and were possibly associated with lightning.
As a pulsar signal is dedispersed, the RFI signal is dispersed, spreading the signal power over the dispersion width. However, strong RFI will result in a significant detection even when dispersed. The effects of this range from creating false candidates to corrupting pulse profiles to completely obscuring the pulsar or RRAT pulse. Particularly when observing RRATs, the numbers of false candidates due to RFI can stretch into the millions (BurkeSpolaor & Bailes 2010), rendering manual candidate assessment unmanageable, and introducing a bias against low dispersion measure pulsars and RRATs. Normally, astronomers use the shape of the S/N versus dispersion measure curve to aid in single pulse detection. Pulses of astrophysical origin display a characteristic rise and fall that peaks at non-zero dispersion (Cordes & McLaughlin 2003) . Eatough, Keane & Lyne (2009) introduced a novel technique based on DM =0 pc cm −3 filtering for highly dispersed signals. This method worked well for pulses of high dispersion, but had the detrimental effect of decreasing the S/N of pulses with small dispersion. In this paper, a new method is described that takes advantage of the fact most RFI affects all of the elements of a multipixel feed and eliminates the problems of the 'zero-DM' method of Eatough et al. (2009) for pulses at low dispersion.
This paper presents results obtained by reprocessing the surveys of Edwards et al. (2001) and Jacoby et al., (2009) in search of pulsars and RRATs. The new RFI classification scheme, using variations of thresholding and coincidence testing (where a signal is determined to be RFI if it appears in multiple beams), to classify data as 'good' or 'RFI', is contrasted with two other reprocessings: one with little RFI mitigation, and the other using time and frequency domain thresholding.
The RFI algorithm developed is described in Section 2, the data sample in Section 3 and the searching process for pulsars and RRATs in Section 4. Section 5 describes the results, including the discovery of one new RRAT, six new pulsars and five new peryton (BurkeSpolaor et al. 2011a ) signals. Section 5 also contains analysis of the effectiveness of the mitigation and discusses the current limitations.
N E W R F I D E T E C T I O N M E T H O D
The time domain RFI algorithm developed for this work is based on the premise that a signal of astronomical origin should typically appear in only one beam of a multipixel feed receiver, whereas RFI will show up in many, or all, beams of the receiver at once. For example, there are over 20 dB attenuation between the centre of adjacent beams of the Parkes multibeam receiver (Staveley-Smith et al. 1996 ), making it rare for a transient source to appear in more than one beam. RFI signals, however, generally enter through the far sidelobes of a beam. Even though these signals do not have a high gain because of this, they are typically much stronger than astronomical signals (∼1000 Jy compared to ∼mJy), and still appear in the data as signals of comparable or greater strength than the signals of interest.
The motivation behind this method was to be able to accurately determine, when dealing with a time series created at DM = 0 pc cm −3 , if a signal was RFI. This is necessary, as RFI and pulsar signals, while peaking at a specific DM, will typically be detectable across a range of DM, following the function given by Cordes & McLaughlin (2003) . That is, RFI signals will peak at DM = 0 pc cm −3 , but be detectable at DM > 0 pc cm −3 . Pulsars will peak at some DM < 0 pc cm −3 , but can sometimes be detected at DM = 0 pc cm −3 . Classifying signals at DM = 0 pc cm −3 as RFI is not new (see e.g. Eatough et al. 2009; Keith et al. 2010) . However, the multibeam receiver provides the opportunity to distinguish RFI from pulsar signals showing up at DM = 0 pc cm −3 by testing for signals in multiple beams. This can be done based on a threshold set on multiple beams (e.g. Barnes, Briggs & Calabretta 2005) or by taking advantage of cross-correlation techniques (e.g. Flöer, Winkel & Kerp 2010) .
The new technique demonstrated here is based on crosscorrelation and eigen decomposition techniques. The data from each pointing of a multipixel receiver with R beams were dedispersed into a time series at DM = 0 pc cm −3 . The R × R upper triangular matrix C was then formed by taking a measure of correlation between each of the time series (S n − S navg )(S m − S mavg ), for each of the inputs S, where S navg and S mavg are taken over the whole time series. This matrix was then broken down into eigenvector and eigenvalue components using singular value decomposition (SVD) yielding C = U V T , where U and V are the eigenvector matrices, and the eigenvalues, ordered from largest to smallest. This decomposition is performed for every time sample. Thresholds are then set based on the mean of the λ 1 values and the median and mean average deviations of the λ n values, where n is the number of input time series.
The number of beams in which a signal was present will be reflected in the number of eigenvalues in which it is present. By thresholding on the smallest eigenvalue, only signals present in all the beams will be classed as RFI. In order to catch strong RFI that might only be present in a few beams, the algorithm can be adjusted to also classify as RFI signals present in a defined number of beams.
For the Jacoby and Edwards surveys, described in Section 3, data were classified as RFI when λ 13 i , where i is the current time sample index, was greater than the mean average deviation of λ 13 by more than some user-defined threshold. If λ 13 i was significantly greater than the median average deviation and λ 2 was greater than twice the average of λ 1 the data sample was also classified as RFI.
After observing the RFI remaining in the sample following this blanking, an additional constraint was added so that if more than the top four eigenvalues were greater than twice the average of λ 1 the data sample was RFI. Note, in the case of the 2-bit data for the High Time Resolution Universe (HTRU) survey, the average of λ 1 can be used instead, as the data are less noisy.
In order for the RFI to be detected with the implementation described here, the interference-to-noise ratio (I/N) needs to be at least 7/4 σ in all of the beams, or 6σ in at least four beams, at the native time resolution and DM = 0 pc cm −3 . In anticipation of the discussion in Section 5.1.3, it should be noted that interference present at higher DM, or that obtains this I/N after integrating time samples may not be detected. However, if the RFI masks are regenerated at the trial DM or integration time, this interference will be identified. For the purposes of this paper, the new time domain RFI removal technique will be referred to as eigen detection.
DATA SAMPLE
The data reprocessed during this search were the southern sky intermediate (5 is 14.4 arcmin and they are spaced with 2 × FWHP = 28.8 arcmin between beam positions (Staveley-Smith et al. 1996) .
Both surveys had a centre frequency of 1374 MHz with 288 MHz bandwidth for each beam, divided into 96 frequency channels. The detected signals for each polarization were summed, then integrated with 1-bit resolution to 125 µs. There have been 170 pulsars detected in Edwards et al. (2001) , and 62 in Jacoby et al. (2009) . A separate reprocessing of these data sets looking for single pulse signals conducted by Burke-Spolaor & Bailes (2010) resulted in the detection of 14 additional sources.
In addition to the Jacoby and Edwards survey data, specific pointings from the HTRU (Keith et al. 2010 ) survey were used for follow-up and demonstration purposes. The HTRU survey also uses the 20-cm multibeam receiver, and the Berkeley Parkes Swinburne Recorder (BPSR) digital backend, with 340-MHz bandwidth centred at 1352 MHz, 2-bit resolution (decimated from 8-bit recording resolution) and 64 µs sampling.
The assumption made for the purpose of this test is that the S/N of all interference is greater than 7/4σ in all of the input beams at DM = 0 pc cm −3 and time resolution of 125 µs. In the central beam signals more that 0.
• 3 away in azimuth or elevation are suppressed by approximately 36 dB. For the circumferential feeds, at 0.
• 3 they are suppressed by approximately 42 dB. This corresponds to detecting signals of strength ∼10 4 Jy. Simple application of the radiometer equation shows that at native time resolution, interfering signals appearing in the data with strength ∼250 mJy can be reliably identified and rejected.
In practice, when searching for pulsars and single pulse events, dispersion measures of a wide range are tested, along with several different time resolutions. During the course of the experiment it became obvious that some RFI was only present at higher DM and at coarser time resolution. These RFI candidates were not eliminated in the reprocessing of the survey, but individual cases are examined to demonstrate the method can be successfully applied in these cases with some minor computational penalty.
S E A R C H P RO C E S S

Pulsar single pulse search process
The search process for single pulses was similar to that described in detail in Burke-Spolaor & Bailes (2010) , which in turn was based on the steps described in Cordes & McLaughlin (2003) . Each time series was dedispersed at trial dispersion measures ranging from 0 to 500 pc cm −3 . At each trial DM the summed frequency channels were searched for signals with S/N ≥ 6. This search was repeated, adding the time series data in pairs until 2 9 time samples were added. A Gaussian event filter, where each of the trial dispersions and summation steps were compared to determine if the same signal was detected during the different steps, was used to discriminate against candidates that did not appear at least three times. Candidates with a peak S/N below DM = 0.5 pc cm −3 were deemed to be RFI and discarded. Finally, the results from each of the beams were compared. If a candidate was present in more than nine beams it was classed as RFI.
Two additional variants of this search process were run for comparison purposes. The first made use of the standard time domain impulsive RFI excision technique used in the HTRU survey, described in Keith et al. (2010) and Burke-Spolaor et al. (2011b) . This excision technique replaces time samples of S/N > 5 at DM = 0 pc cm −3 with random samples drawn from nearby good samples prior to searching. The second variant involved the use of the eigen detection algorithm. As with the standard threshold technique used in the HTRU survey, samples classified as RFI were replaced with randomly selected good samples from the same observation. In all processing cases, four frequency channels known to be consistently corrupted were removed prior to searching. The candidates identified by the searching process were then scrutinized and classified. Candidates were classed as RFI, a known pulsar (based on proximity to known pulsars listed in the Australia Telescope National Facility (ATNF) pulsar data base;
1 Manchester et al. 2005) , or a potential new transient source.
Pulsar periodicity search process
The pulsar periodicity searching pipeline used for this work was based on that developed for the HTRU survey, as described in Keith et al. (2010) and dubbed HITRUN. In brief, the HITRUN pipeline consists of (1) Detections with the same frequency are grouped, and average pulse profiles are created by folding the data. To find the optimal period and DM, the subintegrations and frequency channels are summed over a range of trial periods and DMs. The Jacoby and Edwards surveys were processed using both this standard pipeline, and then again with the standard time domain RFI threshold technique replaced by the eigen detection method.
R E S U LT S A N D D I S C U S S I O N
This section discusses the results of the single pulse search and pulsar periodicity search reprocessing. The periodicity and single pulse cases are considered separately, with the focus on the effectiveness of the RFI algorithms used and limitations encountered. Unless otherwise stated, all results presented (new pulsars and RRATs) are based on the eigen detection results.
Single pulse search results
Application of the eigen detection flagging algorithm had the most noticeable effects on the single pulse searching. The number of false candidates reported decreased by 83.8 per cent compared to the case where only the default single pulse RFI mitigation scheme was present. The number of false candidates also decreased by 16.7 per cent compared to processing with the HTRU algorithm. A comparison of the three processing methods is given in Table 1 . The candidate numbers are provided for both pre-and post-final beam association, in which candidates are removed if their dedispersed profile appears in more than nine beams. This break was made because prior to the final association no real candidate had been removed by the eigen detection process, and because this gave the clearest comparison between the different time domain RFI mitigation methods. Post-association, the peryton signals were classed as RFI. However, given the overall improvement of 25.1 per cent in the number of candidates for the eigen detection case, this suggests the association should be performed, and the high DM RFI candidates then specifically checked for peryton signals.
Of the post-association candidates, 10.9 per cent (17 902) for the eigen detection case were actual sources, or worth reviewing by eye. A candidate was classed as worth reviewing if it appeared to have RRAT characteristics on initial inspection (DM, S/N and profile). 7.3 per cent (17 144) of the HTRU candidates were worth reviewing, and 2.4 per cent (17 739) of the candidates were worth reviewing where no time domain RFI mitigation was applied.
The majority of the false candidates were caused by a particular type of RFI, found in 8.8 per cent of the data. Much of this RFI shared the same observed characteristics, and appears only after several steps of pairwise summation. The HTRU algorithm performed marginally better on this type of RFI, which caused 39.5 per cent (103 882) of the pre-association candidates, as opposed to 60.6 per cent (132 413) of the RFI in the eigen detection case. This is believed to be due to the iterative nature of the HTRU RFI removal tool (i.e. re-examining the data with different summation stages). In order to improve the results of eigen detection the data could be processed in a similar iterative manner, with an RFI mask created for each 2 n summation. A more detailed look at this particular type of RFI is given in Section 5.1.3.
As a demonstration of the effectiveness of eigen detection, an RFI corrupted RRAT time series taken from the HTRU survey (described in Burke-Spolaor et al. 2011b ) is shown in Fig. 1 . The top panel in the plot shows a portion of the contaminated time series. The middle and bottom panels show the same time series after a simple threshold was applied to pulses with S/N > 5 at DM = 0 pc cm −3 and eigen detection, respectively. While the weaker RFI pulses survived the S/N > 5 threshold, the bottom panel shows the eigen detection method removed the majority of the interference, leaving only RRAT pulses behind.
Transient sources detected
All of the single pulse detections previously described in BurkeSpolaor & Bailes (2010) were rediscovered. One new source, previously obscured by an impulsive RFI burst, was also discovered.
As only a single pulse was detected, the HTRU observations for the same Galactic coordinates made with the BPSR instrument were processed as a follow-up observation. This observation detected another pulse at the same dispersion. The RRAT (from the BPSR detection) was detected with the beam centred at RA 11:07:02, Dec. −48:58:12, with DM = 74.63 pc cm −3 , S/N = 15.56. As in both the original survey observations and follow-up, only a single pulse was detected, some attributes of the RRAT (such as period) could not be determined, and the position can only be localized to within the size of the beam. The parameters of J1107−48 will be followed up as part of the HTRU survey.
Peryton detections
In addition to the new RRAT discovery, five new peryton signals were also discovered. Perytons are signals with swept-frequency characteristics that mimic the dispersion of a pulsar, are detected in multiple receiver beams with approximately the same S/N and cannot be traced to an astronomical source. So far, all of the perytons described in this paper and in Burke-Spolaor et al. (2011a) found that the signals were present in at least nine or the 13 receiver beams, with DM greater than 200 pc cm −3 . These signals were discovered in the pointing prior to that containing the majority of the peryton signals discovered to date (discussed in detail in Burke-Spolaor et al. 2011a) . Despite the peryton signals appearing in every beam, they are not removed by eigen detection, as they are protected by their high DM. With the current method, and taking an average width of the peryton signals, they would be removed if they had a DM ∼ 110 pc cm −3 . Reprocessing these pointings using a variation of the eigen detection algorithm where the RFI mask is recomputed for all trial DMs and the different time sample summation stages establishes that the perytons can be identified and removed. A description of the peryton signal properties is given in Table 2 . The results of these new detections coupled with the results given in Burke-Spolaor et al. (2011a) suggest that the RFI may not be from a natural source, given the predilection of the signals to occur in the later part of the human second. A plot showing the arrival times relative to the nearest second of the new perytons, as well as those reported in Burke-Spolaor et al. (2011a) is given in Fig. 2 . Additionally, a plot showing the arrival times of perytons in seconds, with respect to the previous peryton signal, for those that were detected in consecutive observations (the five new perytons described here, and perytons 01-10 in Burke-Spolaor et al. 2011a) , is given in Fig. 3 . In this figure, there appears to be a distinct pattern in the peryton arrival times. In particular, there are several points spaced approximately 22 s apart (specifically 21.98, 22.08, 19.55, 21.84, 22.09, 21.73, 22.31, 22.32, 22.08) . Each collection of 22 s points is followed by a shorter (8-10 s) and then longer (40-70 s) gap.
Single pulse search limitations
Particular attention was paid to the survey pointings that accounted for the majority of RFI candidates. It is suspected that residual low-level RFI combines to create a false signal during the pairwise summation steps. An example of this is given in Figs 4 and 5, which show data taken from an RFI contaminated time series in the Edwards survey. In Fig. 4 , it can be seen that all of the obvious RFI (present in the top panel) has been removed (bottom panel). However, after adding the time series data in pairs up to 2 6 samples ( Fig. 5) , the residual RFI becomes visible. One way to remove this RFI would be to run the detection iteratively at the different pairwise summation steps. This would, however, increase the processing time of the RFI mask generation, as it would be necessary to correlate and threshold at each summation stage. An example of successfully removing this 'buried' RFI, is given in Fig. 6 .
To illustrate how this RFI can be classified as a false candidate, the panels in the top row of Fig. 7 show a false candidate at DM = 52.5 pc cm −3 , taken from the Edwards data set, and RRAT J2033+00 in the bottom panels. This shows how closely RFI can mimic an actual source. In both cases, a pulse is detected at DM = 0 pc cm Fig. 4 were summed in pairs until 2 6 samples were added. In this case, the eigen detection algorithm was reapplied to the time series after the 2 6 summation, and a new mask was generated. Top: original time series. Bottom: time series with the new mask applied. The time series has been divided into 1024 phase bins, and only the maximum (top line) and minimum (bottom line) values of those phase bins are shown in each panel.
Periodicity search results
The application of the eigen detection method made only slight improvements to the periodicity search results obtained with the HTRU RFI mitigation in place. Primarily, these occurred in the case of strong pulsars, with low DM, where the HTRU method would reduce the S/N of the detected pulse. An example of this is given in Fig. 8 . The first time this pulsar was processed, using a simple threshold detector for RFI, the pulsar was completely removed. Processing with the current HITRUN pipeline resulted in a reduction of the S/N, but left the pulsar intact with a high enough S/N to be easily detected (panel 2, S/N = 828.83). The top panel shows the pulsar with no RFI mitigation applied (S/N = 1717.73), and the bottom panel the result of using eigen detection (S/N = 1719.11). The increase in S/N for this case was trivial, and not likely to have an impact on a majority of new discoveries. Importantly, however, this demonstrates how the eigen detection RFI removal method works for pulsars strong pulsars at low DM. Additionally, a list of pulsars detected using the HTRU pipeline with and without eigen detection was compared to verify the eigen detection did not eliminate any sources.
New pulsar detections
Six unpublished pulsars have been discovered in this data set. Prior to this detection, pulsar J1842−27 was detected separately using both PRESTO 2 (Stovall, private communication) and SIGPROC 3 (Levin, private communication) software. The other five pulsars were previously found in the Edwards survey (Barnes, private communication), using a variant of the coincidence detection algorithm mentioned in Barnes et al. (2005) . This technique used a threshold based on the median average deviation across multiple beams to improve the candidate rankings when processing the data set. All six pulsars have been redetected separately using the automated pipeline with eigen detection removal in place. The properties of these pulsars are given in Table 3 .
Periodicity search limitations
In general, the eigen detection removal system performed well for removing impulsive RFI, however, the corruption of particular frequency channels still caused problems.
For single pulses the RFI elimination algorithm performs well, as detection is performed in the time domain. For periodic searches, the detection takes place in the frequency domain. It is possible to perform the same eigen detection in the frequency domain. An example of this is given in Fig. 9 , where it is shown that 50 Hz mains signal and harmonics are removed.
C O N C L U S I O N S
A new time domain RFI blanking algorithm was used to assist in the reprocessing of the Jacoby and Edwards surveys for pulsars and RRATs. The use of this algorithm greatly reduced the number of false candidates found in the single pulse search and, as demonstrated in Figs 1 and 8 , successfully distinguished between low DM pulsars and RFI in the single pulse and pulsar periodicity searches.
While still susceptible to some types of RFI, such as RFI that appeared after adding adjacent samples in the time series, the method performed well under the initial assumptions: that RFI would appear at DM = 0 pc cm −3 at native time resolution. It was demonstrated the method can also be applied iteratively at all trial dispersions and 11. This figure demonstrates clearly that the mitigation scheme works for strong pulsars at low DM. J2048−1616 has period 1.96 s, and dispersion measure 11.46 pc cm −3 . Table 3 . Details of the six new pulsars found in the Jacoby and Edwards surveys. RA, Dec., l and b indicate the right ascension, declination, Galactic longitude and Galactic latitude of the pointing in which the pulsars were detected. Period and DM indicate results from confirmation observations taken with the BPSR instrument. Pulsars J0807−54, J1634−56 and J1759−10 are being timed and details will be published as part of the HTRU survey. Name RA Dec. l b S/N Period (ms) DM time resolutions, in order to eliminate this weakness to low-level RFI. Furthermore, it was demonstrated in Fig. 9 that this method can be adapted to work in the frequency domain, where it will be more effective for periodicity searches. It is anticipated that this method could be implemented on other telescopes making use of a multipixel feed receiver. Figure 9 . The top panel shows the strong first and third harmonics of the 50 Hz mains in a power spectrum. The bottom panel shows the same spectrum after the coincidence detection filtering was applied, with the 50 Hz signal completely removed. To enhance the clarity of the spectrum, the spectrum has been quantized into 1024 phase bins, and only the maximum (top line) and minimum (bottom line) values in these phase bins are shown.
